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Abstract 
	  
The analysis of gunshot residue (GSR) is frequently used to aid in investigating firearm-
related crimes. Typically, Scanning Electron Microscopy (SEM) is applied for inorganic analysis 
of elements such as lead, barium, and antimony to study GSR. However, heavy metal-free 
ammunition creates the need for a different type of approach. This research focuses on studying 
the potential of detecting organic gunshot residue (OGSR) collected with silicone wristbands 
through passive sampling. This study has been directed towards the development of an optimal 
High Performance Liquid Chromatography (HPLC) procedure for the detection and separation of 
five selected compounds typically found in OGSR. The chosen residues were dimethyl phthalate 
(DMP), diphenylamine (DPA), 2-nitrodiphenylamine (2-NDPA), 4-nitrodiphenylamine (4-
NDPA), and ethyl centralite (EC). Through calculating figures of merit for different HPLC 
conditions, the most suitable mobile phase was determined to be water/acetonitrile (52:48) using 
a Poroshell 120 EC-C18 column with temperature programming. Other findings of this research 
showed that silicone wristbands are capable of adsorbing the selected compounds. These initial 
studies are expected to aid further research in OGSR as well as the use of silicone wristbands as 
passive sampling devices (PSDs).  
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Introduction 
Research Objectives 
	   The objectives of this research are: 
• To develop a cleaning procedure for silicone wristbands to remove any contaminants that 
may interfere with detecting the OGSR of interest; 
• To create a robust chromatographic procedure for detection and separation of five target 
OGSR compounds: dimethyl phthalate (DMP), diphenylamine (DPA), 2-
nitrodiphenylamine (2-NDPA), 4-nitrodiphenylamine (4-NDPA), and ethyl centralite 
(EC);	  
• To test silicone wristband’s ability to adsorb OGSR in laboratory settings using the 
developed HPLC procedure; and	  
• To test combustibility and behavior of OGSR during ignition in laboratory settings using 
a bomb calorimeter.	  
Background 
 In forensics, residual materials freed during firearm discharge can be used to identify a 
suspect involved in a crime, estimate a shooting distance, and identify ammunition type.1-3 The 
residual materials consisting of unreacted powder, cartridge elements, and metallic particles are 
collectively called gunshot residue (GSR).1 GSR analysis is vital to assisting forensic 
investigations in firearm-related crimes. The need for substantial physical evidence to prove that 
a suspect has indeed discharged the firearm has inspired research in detection of trace amounts of 
gunpowder compounds.4 If the suspect is located not too long after the firing of the gun, GSR 
may remain on his/her hands or items of clothing.5 However, samples can also be obtained from 
the victim and surrounding objects.3 GSR analysis dates back to 1914, when “spot tests” color 
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reactions were used to identify residues on various surfaces, including hands of a suspect.4 
However, early techniques like this one did not provide enough significant evidence and, 
therefore, were considered useless. With time, more sophisticated techniques and instruments 
were introduced. Various constituents of GSR can be studied, such as trace concentrations of 
metals in the primer and cartridge or organic compounds in gunpowder.4 Typical target metal 
residues consist of lead, barium, and antimony. The existing techniques for detecting metal 
residues include atomic absorption, emission spectrometry, photoluminescence, X-ray 
fluorescence, and scanning electron microscopy coupled with energy dispersive X-ray 
analyzers.4 OGSR compounds are often studied along with the inorganic constituents in order to 
confirm the value of evidence and enable a more accurate interpretation of data obtained.6 OGSR 
can be analyzed through various techniques as well. Some of them include liquid 
chromatography, gas chromatography, micellar electrokinetic capillary electrophoresis, time-of-
flight secondary ion mass spectrometry, and desorption electrospray ionization mass 
spectrometry.2 
Existing Research 
	   The ongoing research in forensic field continues to search for the fastest and most reliable 
method to analyze GSR. Reliability and specificity of the chosen method is often considered 
when presenting evidence in court.4 Scanning Electron Microscopy combined with Energy 
Dispersion X-ray (SEM-EDX) remains a very popular technique when studying inorganic 
constituents of GSR.7-9 For example, Ilker uses SEM-EDX to study the dependency of the 
amount of GSR collected on the hands of shooters on various conditions, such as skin color and 
different physical properties.8 Fedick and Bain also chose skin to obtain their OGSR samples.10 
Based on the fact that OGSR constituents can degrade very fast, their research focuses on 
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developing an in-situ analysis that does not require sample preparation and offers real-time 
analysis.10 Nevertheless, using suspect’s skin for sample collection can be problematic and does 
not always suit the situation.  
Testing GSR from the hands of the suspect poses two main issues. The obvious problem 
is that GSR can be easily removed from hands and other parts of the body before the suspect can 
be located.5 Research has demonstrated that hand washing using soap removes GSR completely 
from skin.11 Secondly, the presence of GSR does not necessarily mean that that individual has 
indeed fired a weapon, but could have simply been near a crime scene, leading to false-positves.5  
An alternative way to obtain samples is by using spent cartridges. Solid-phase 
microextraction (SPME) followed by a chromatographic separation can be used to detect volatile 
compounds from the cartridges. A particular study has shown that OGSR could be detected if 
they were brought to the laboratory within 14 days of being fired.12 However, this type of 
analysis is often subjected to sample loss during firing, as well as effects from various 
environmental conditions.  
Another study demonstrated that GSR particles within nanometer-size can be detected 
from the atmosphere within 12 hours of the firing using Transmission Electron Microscopy 
(TEM).13 Although collecting samples from spent cartridges and even atmosphere are viable 
options for forensic analysis, they exclude the opportunity for actually proving whether or not 
someone is guilty of firing a gun. These methods of collection can still be appropriate when 
determining whether or not a crime took place, as well as identifying ammunition type.   
 Regardless of where the sample is collected, the actual method of analysis plays a large 
role when detecting OGSR. The method, of course, depends on what is being studied. For 
example, when looking at OGSR, gas chromatography as well as liquid chromatography can 
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provide valuable data. Gas chromatography is not always the best option due to thermal 
instability of some constituents and low volatility of others.14 Nevertheless, these problems can 
be avoided by using HPLC, which has proved to be rapid and reliable.14-16 
Studying Organic Gunshot Residue (OGSR) 
	   In the 1970s, lead-free and heavy-metal-free ammunition were introduced in order to 
decrease the emission of toxic gases and hazardous particulates.2 The prevalence of this type of 
ammunition challenges the popular method of analyzing GSR through SEM-EDX.3 Moreover, 
the composition of GSR could potentially come from other sources besides firearms, leading to 
inconclusive results.2 Due to these factors, a different kind of approach that focuses on 
something other than metallic residues is needed. Although, there is a large number of 
compounds associated with OGSR, many of them can also be found in environmental and 
occupational materials.17 In order for the compounds to have forensic relevance, they must have 
strong association with the ammunition components, as well as limited occupational and 
environmental prevalence.17 For instance, the use of centralites is almost completely restricted to 
ammunition.17 Diphenylamine and its nitro derivatives are also commonly used in ammunition as 
stabilizers and have limited applications in other fields.17-18 The target compounds for this 
research (Figure 1-5) were selected based on their strong association with ammunition and 
restricted applications unrelated to GSR, as well as previous studies on OGSR.17, 19-20 Although, 
testing for one specific compound can still pose a small risk of coming from an unrelated source, 
testing for all five compounds simultaneously would greatly strengthen the value of evidence.   
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Practicality of Passive Sampling Devices (PSDs) 
OGSR can be collected from the victim, suspect, or the surrounding areas using GSR 
stubs or swabs. A variety of different factors can affect the likelihood of actually detecting 
OGSR on the collecting surfaces that include unpredictable environmental conditions, time 
Figure 1 
Figure 2 
Figure 4 Figure 3 
Figure 5 
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elapsed since firing of a gun, collection efficiency, and instrument limitations.3 It has been 
demonstrated that with hand samples, even without washing, a rapid loss of residues takes 
place.19 When collecting samples from clothes, physical disturbance plays a very large role in 
sample loss as well.19 Sample loss, whether it’s due to the compound degradation or the 
collection process is inevitable and can pose challenges when investigating a crime scene.  
Passive sampling devices (PSDs) have been used in occupational and environmental 
areas to collect and monitor chemicals. PSDs can be used to isolate organic compounds through 
passive diffusion from air and provide chemical concentrations of those compounds.21 PSDs 
have been used in the past to monitor organic contaminants, water vapor, SO2, and pesticides to 
evaluate health risks and levels of pollution.21-23 Silicone is known for its ability to adsorb a wide 
range of organic compounds.21 Therefore, silicone wristbands could be used as PSDs to collect 
and quantify organic compounds of interest, including OGSR. In contrast to single points of 
collection, such as hands of the suspect, victim, or surrounding areas, passive sampling 
represents averaged concentrations of the OGSR. Therefore, using PSDs eliminates the need to 
test multiple surfaces for the presence of OGSR and prevents sample loss during collection.  
Instrumentation 
 This section gives a technical explanation of the instruments used in this research and the 
main principles behind their operation. High Performance Liquid Chromatograph (HPLC) was 
the main instrument involved in the analyses of the analytes, specifically their identification and 
separation. However, Gas Chromatograph- Mass Spectrometry (GC-MS) was also tested to 
determine the feasibility as the separation instrument for the purposes of this study. In addition, 
Ultraviolet-Visible Spectrophotometry was employed to measure the maximum absorbance 
wavelengths of the analytes, which were then applied to programing the HPLC detection 
	  
	  
8	  
wavelengths. Finally, a bomb calorimeter was used to test the combustibility of the analytes in 
order to see how likely they are to remain on the wristbands after a gun firing.  
High Performance Liquid Chromatography (HPLC) 
 HPLC is a separation technique based on the transport of the liquid (mobile phase) that 
carries the analyte mixture through a porous media (stationary phase).24 The separation arises 
from the differences in the interaction of analytes with the porous surface resulting in different 
migration times.24 HPLC is a powerful method of separation when studying non-volatile, high 
boiling point, or thermally fragile chemicals, since the separation process is directed by the 
analyte’s affinity for the stationary phase and not its volatility. It is an important tool for 
environmental investigations, because it can handle heavy compounds, highly polar chemicals, 
and in some circumstance, inorganic ions.25 Typically, an HPLC instrument consists of solvent 
reservoirs, a pump, an injector, a column, a detector, and a data acquisition/control system 
(Figure 6).25 The instrument used in this research is Agilent 1220 Infinity Series LC.  
 
 
 
 
 
 
 
 Figure 6: HPLC setup. 
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i. Solvent Reservoirs   
Solvent reservoirs store an appropriate amount of mobile phase for continuous operation 
of the system.24 For isocratic applications, only a single reservoir is used, however, if gradients 
are applied, more than one reservoir is needed.26 An inlet-line frit is used at the end of the tubing 
that connects the reservoir and the pump.26 It weighs down the tubing at the bottom of the 
reservoir and provides backup filtration to remove any particulate matter.26 However, at the same 
time a frit should not restrict solvent flow to the pump.26 Therefore, use of prefiltered, HPLC-
grade solvents is the easiest way to avoid any particulate matter in the mobile phase.26 
ii. Pump 
From the reservoirs, the solvents must be filtered and degassed to remove any particulate 
matter that can damage the pump and cause plugging.25 Degassing is necessary, because 
dissolved gases may form bubbles that could increase the pressure in the system and disrupt the 
detector.25 Helium purging is the most effective technique for removing dissolved gases from the 
mobile phase, since helium has a very low solubility in HPLC solvents.26 Although, helium is no 
longer the most common solution to degassing to due its scarcity and the subsequent increase in 
prices of the gas.27 For the majority of older HPLC systems, applying partial vacuum to the 
mobile phase for 10 to 15 minutes will also remove a good amount of dissolved gas.26 However, 
today most HPLC systems are equipped with an in-line degassing.26 As shown in Figure 7, when 
the solvent is passed through a vacuum chamber, the vacuum pulls the dissolved gas out and 
keeps the mobile phase inside the tubing.26    
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Figure 7: Gas-permeable tubing that allows for degassing the mobile phase. 
 
Solvent gradient systems must be robust as they must constantly mix shifting amounts of 
solvents from various reservoirs.25 Separate components can be mixed either before or after 
entering the pump. The low-pressure mixing process uses low-pressure pumps to deliver the 
individual solvents to the high-pressure pump.25 In contrast, high pressure systems use separate 
pumps for each solvent that feeds into a mixing chamber prior to the injection.25 Agilent 1260 
Infinity LC generates solvent compositions under low-pressure conditions.   
 The HPLC pump must have a few important characteristics: it must be able to deliver a 
constant, pulse-free flow at various rates, as well as have chemical-resistance to different mobile 
phases in use.25 The pump also must be able to create a gradient of two or more solvents.25 
Agilent 1220 Infinity LC used in this research has a reciprocating dual piston pumping system, 
where one piston chamber is being filled, while the second is pumping.25 These pistons move in 
small chambers that contain about 0.5 mL of eluent each.25 In order for the pressure and flow of 
the eluent to remain constant, pulses are kept to a minimum; as one piston slows down, the 
newly filled one begins to deliver the solvent.25 It is important to let the solvent pump for a few 
minutes before collecting data in order to remove any crystallized salts that can damage the 
pump and other HPLC parts.25          
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iii. Injector  
The injector allows for a small volume of sample to be injected into the eluent stream 
before the column.24 Since the eluent is under a constant high pressure, the use of a syringe is 
unreasonable.25 Instead, a sampling valve with a loop containing a small volume is used. The 
valve is filled completely, with the excess transferred to the waste.25 As the valve rotates, the 
sample is moved on the column in a tight plug of exact volume.25 An autosampler in Agilent 
1220 Infinity LC ensures reliability and repeatability of sample injections.   
iv. Column 
  The actual separation of analytes occurs within the column, which typically is composed 
of a stainless steel shell packed with a stationary phase.24-25 During separation, analyte molecules 
encounter multiple phase transitions between the mobile and stationary phases.24 The most 
popular HPLC technique is reverse phase liquid chromatography, which has a non-polar 
stationary phase and polar mobile phase.24 Reverse phase columns are typically 4-5 mm in 
diameter containing tightly packed silica particles (SiO2). As shown in Figure 8, the silica 
particles typically have diameters between 3 and 10 µm24 with organic, non-polar molecules 
covalently bonded to their surfaces.25 The column used in this research was a Poroshell 120 EC-
C18, which is 4.5 mm in diameter, 150 mm in length and has a 4 µm particle diameter. Porous 
silica provides high surface area necessary for good separation and is able to withstand harsh 
packing and flow of viscous liquids.24 Silica does not shrink or swell when exposed to various 
solvents.24 The two disadvantages of silica are its solubility at high pH and extreme polarity of 
the surface.24            
 To convert the stationary phase to a reversed-phase column, multiple different types of 
bonded phases can be attached. Alkyl-type bonded phases constitute about 90% of all reversed-
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phase columns.24 The hydrocarbon chains covalently bonded to the silica particles may contain 
various number of carbons, with the most prevalent column being C18.25 Since the bonded phase 
is non-polar, the separation is based on dispersion forces and makes the technique useful for 
organic compounds.25 Dispersive forces are the weakest intermolecular forces; any background 
interaction in the system is very low compared to other HPLC techniques.24 Due to this low 
background interaction, very small differences can be distinguished among molecules, therefore, 
reverse phase liquid chromatography is very popular.24  
 
 
 
 
 
 
 
The mobile phase provides the dissolved analytes a uniform transport through the 
stationary phase.24 It is polar, and usually consists of alcohols and water.25 Polar solvents don’t 
have a strong affinity for the organic analytes and therefore, the sample components are allowed 
to retain in the column long enough for good separation.25 The most polar components elute from 
the column first, as they have the weakest interactions with the stationary phase.25 Various ratios 
of mobile phase solvents can produce different polarities that are suitable for the separation of 
target analytes. For example, if water and methanol are used as the mobile phase, an increase in 
water would make the eluent more polar, slowing down the elution time.25 The elution can be 
isocratic, meaning that the concentrations of the mobile phase constituents remain the same. 
Figure 8: Organic coating consisting of hydrocarbon chains bonded to a silica particle for HPLC.  
	  
	  
13	  
Gradient elution can be used for specific situations, where the strength of the eluent increases 
over time.25 When gradients are applied, the weaker mobile phase, meaning the more polar one, 
is used, allowing the early analytes to remain on the column long enough for a good separation.25 
The elution strength is slowly increased by the addition of the less polar solvent resulting in 
effective separation.25  
Separation occurs as the analyte equilibrates between the mobile and stationary phase.  
This is similar to what happens during a distillation and molecules evaporate and condense on 
the plates of the column. In distillation, the more plates in the column result in better separation. 
This is extrapolated theoretically to an HPLC column. It is assumed the column is divided into 
theoretical plates and the analyte spends a certain amount of time with every plate that is 
sufficient enough to achieve equilibrium.24 Each plate is said to have a finite thickness, which is 
referred to as plate height. Therefore, the smaller the plate height, the larger the number of plates 
that can fit within a column, which results in a more efficient exchange of analyte between the 
stationary and mobile phases.24 A good separation of sample components requires a large 
number of theoretical plates with a small plate height.  
Although, columns can certainly be operated at ambient temperatures, some separations 
require temperature manipulation. In addition, maintaining constant column temperature may be 
crucial for reproducible separations and chromatograms.28 For the majority of analytes, there is a 
linear relationship between the retention time and the inverse of column temperature.24 
Temperature can play a major role in altering separation properties such as column efficiency 
and selectivity.24 The operating range typically remains low, between 40 and 60 °C.24 Therefore, 
even if the analytes have high boiling points, volatility is not a concern. Although, the mobile 
phase, especially a solvent like methanol, which boils under 70 °C, is at risk as the column 
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temperatures rises. In these cases, pressure has to be applied to avoid boiling of the mobile 
phase.24 Because this research did not use temperatures above 45 °C, the mobile phase volatility 
was not an issue.   
 v. Detector  
  Once analytes are separated on the column, they reach the detector, which is a device for 
continuous registration of specific properties of the analytes.24 Ultraviolet detectors are most 
common in HPLC, as many organic analytes absorb some wavelengths in the UV spectrum.25 
The detector’s response follows Beer’s Law, resulting in a linear relationship between 
concentration and absorbance.25 Detection limits vary for compounds, but generally 1 ng or even 
less can be detected.25 Detectors can be fixed or variable wavelengths, each having its own 
advantages. Fixed wavelength detectors isolate a single band of radiation; therefore, they can 
only analyze those compounds that absorb at the fixed wavelength.25 Nevertheless, these 
detectors are great for repetitive analysis, since they have a better reproducibility than variable 
wavelength detectors.25 The Agilent HPLC system uses a diode array detector (DAD), which is 
extremely versatile. This type of detector has a deuterium lamp for the ultraviolet region and a 
tungsten lamp for the visible region. The grating separates the light beam into its component 
wavelengths, directing the light at the diode array.25 The DAD in Agilent 1220 uses diodes 
positioned in a way that each diode can intercept a different band of wavelengths, resulting in a 
complete UV spectrum, as shown in Figure 9.25  
 
 
Figure 9: Diode array detector system in HPLC. 
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 vi. Data Acquisition and Control System 
 The data acquisition system receives signal from the detector and controls system 
performance, including continuous monitoring of the mobile-phase composition, temperature, 
pressure, injection sequence, etc.24 This is controlled by a personal computer running the Agilent 
software ChemStation.  
Gas Chromatography- Mass Spectrometry (GC-MS)  
	   Gas chromatography separation is based on the volatility of sample components and their 
interaction with the stationary phase.25 The stationary phase is a solid or nonvolatile liquid 
encased in capillary column, while the mobile phase is an inert gas, like helium.25 The system 
typically consists of an injection system, a column, and a detector.25 The instrument used in this 
research was Trace 1310 Gas Chromatograph with an ITQ 1100 Ion Trap Mass Spectrometer. 
 i. Injection system 
Typically, a syringe is used as the injection device in GC. At the head of the column, 
there is a heated injection port where the syringe is inserted.25 Unlike the autosampler in HPLC, 
a syringe may not produce repeatable and reliable results. In addition to the uncertainty in the 
size of the sample, slow injections can cause band broadening and poor separation of the analyte 
components.28 Microsyringes are frequently used to inject the sample through the septum into the 
heated port, where the sample is vaporized.28 To ensure that the sample is in gas phase, the 
sample port is often 50°C above the boiling point of the least volatile sample.28 After the sample 
is vaporized, a carrier gas transports it through the column.25 Helium, nitrogen, argon, and 
hydrogen are some examples of carrier gases. Even though helium is a dwindling resource, it is 
the most popular mobile phase.27-28  
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ii. Column  
Today most GC systems use capillary columns.28 They can be made from stainless steel, 
glass, or silica and range in size from 2 to 60 meters.28 The diameter of the column can vary from 
100 µm to 4 mm.25 Because there is no packing, capillary columns can be very narrow and long, 
resulting in higher efficiency.28 The columns have to be coiled in order to conserve oven space, 
resulting in coil diameters of about 20 cm on average.28 The stationary phase inside the column 
is usually a liquid bonded to the wall of the capillary column.25 The components of the analyte 
partition between the gas and the stationary liquid phase, resulting in elution times based on their 
increasing boiling points.25          
 The column temperature can be varied depending on the components of the analyte and 
their boiling temperatures.28Analogous to controlling the concentrations of the mobile phase 
components in HPLC, temperature in GC can also be increased continuously or in steps to 
achieve optimal separation.28 If the elution time is long and the peaks are broad, the temperature 
of the column can be increased.25 Increasing the temperature can result in unresolved peaks that 
aren’t retained long enough,25 so temperature program can be useful. The temperature can be 
held constant for a chosen period of time and then ramped again at a specific rate.25 Columns 
have a maximum temperature resulting to the potential thermal breakdown of the capillary 
stationary phase.25 Therefore, compounds that have boiling points close to or above this 
maximum temperature cannot be separated through GC.  
 iii. Detector 
Once the eluent passes through the column, it reaches one or more detectors that produce 
signals corresponding to the concentrations of sample constituents.25 There are several different 
detectors that can be used for GC, such as thermal conductivity detectors, flame ionization 
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detector, electron capture detector, and others. However, one of the most powerful detectors is a 
mass spectrometer, which was used in this research.28 A mass spectrometer ionizes the sample, 
measures mass to charge ratio of ions and separates them accordingly.28 From these ratios, the 
identities of analyte components can be established. Since most of the ions produced are singly 
charged on this type of instrument, the ratio is merely the mass of that ion.28 Typically, the mass 
spectrometer is equipped with libraries that help to identify unknown compounds.  
Ultraviolet-Visible Spectrometry (UV-Vis) 
	   A UV-Vis spectrophotometer can be used for quantitative analysis of various molecules, 
but it is also useful in qualitative analysis.  In this research, it was used to determine the peak 
absorbance wavelengths.	  Molecular absorption spectroscopy relies on the measurement of the 
transmittance or absorbance of a liquid sample held in a cell.28 The instrument consists of a light 
source, a wavelength selector, a sample container, a radiation transducer, and a signal 
processor.28 The instrument used in this research is Agilent Cary 60 UV-Vis.  
 Spectrophotometer instruments commonly use deuterium lamps as radiation sources to 
produce a continuum spectrum in the UV region and tungsten filament lamps as sources of 
visible light.28 Most instruments use a monochromator as their wavelength selector.28 The 
wavelength selector should have an output of a single wavelength; however, realistically it 
produces a wavelength band.28 Cells or cuvettes are used as sample containers and are composed 
of quartz. Materials like glass and plastic absorb UV wavelengths, interfering with the 
transmission of light through the sample. The cuvettes typically have flat parallel sides and a 
path length of 1 cm.25 All dust and fingerprints must be removed in order to maximize the 
transition of light.25 Most instruments have photomultiplier tubes (PMT) or photodiodes as 
radiation transducers.28 The signal coming from the transducer is then amplified by the signal 
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processor.28 A complete spectrum is displayed on the computer where it can be processed and 
analyzed.  
Bomb Calorimeter  
 Bomb calorimetry is typically used to determine heat of combustion of various materials 
like fuels, wastes, or food. A sample is combusted in a high-pressure vessel filled with oxygen. 
The energy that is released during combustion is then absorbed by the calorimeter, resulting in a 
temperature rise. This temperature change can then be used to calculate the heat of combustion. 
However, in this particular research a Parr 101A calorimetery bomb was used to determine 
whether or not the studied compounds were fully combustible, by examining the residue present 
after combustion.           
 A bomb calorimeter consists of an oxygen bomb, water bucket and a temperature probe. 
First, a press is used to compress samples into small pellets for safe and convenient handling. 
Then a fuse wire is connected to the bomb so it is touching the pressed pellet in the container 
cup. The bomb is then pressurized with oxygen, placed in a bucket of water and ignited by an 
electric current, allowing for the sample to combust. The temperature probe was not involved for 
this research, as the sole purpose of bomb calorimetry use was to combust the organic 
compounds for GC-MS and HPLC analyses. 
Experimental Details 
Standard Preparation 
	   DMP (99%), DPA (99%), 2-NDPA (98%), and EC (99%) were purchased from Fisher 
Scientific, while 4-NDPA (99%) was obtained from Sigma-Aldrich. All the reagents used for 
this research were HPLC-grade and purchased from Fisher Scientific. The mixture used solvent 
was prepared by adding equal parts of methanol and acetonitrile. All of the laboratory glassware 
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and tools used in the research were solvent rinsed prior to use. Stock solutions of 1000 ppm for 
each of the five analytes, as well as a mix of all five were prepared using the methanol: 
acetonitrile (1:1) solvent, resulting in a total of six solutions. All six standards were diluted to 
concentrations of 10, 50, and 100 ppm by pipetting calculated amounts of the solution into 
proper volumetric flasks and adding the solvent. These diluted solutions were pipetted into 
labeled HPLC vials for further analysis.  
Wristbands and Cleaning 
	   The green “Tennessee Donor” silicone wristbands used in this study were provided by 
the research advisor. Before testing, foreign compounds were removed from the silicone 
wristbands in order to avoid possible chemical interferences. Table 1 contains the cleaning 
procedure selected using various solvents. This procedure was based on a previously published 
study.21 The silicone wristbands were cut into small pieces of approximately one gram each. 
Each exchange used 300 mL of mixed solvent. Ethyl acetate/hexane (1:1) mixture was used for 
the first three exchanges, while ethyl acetate/methanol (1:1) was used for the last two. Bracelet 
pieces were placed in a glass beaker with the appropriate solvent mixture. Each exchange lasted 
for 30 minutes at 60 rotations per minute using a magnetic stir plate. After all five exchanges, the 
cleaned wristbands were placed in dry glass beakers in the oven at 70 °C for about 24 hours. The 
dried wristbands were stored in a glass beaker covered with a watch glass.  
Table 1: Wristband Cleaning Procedure 
Exchange Solvent Volume 
(mL) 
Rotations/
minute 
Time (min) 
1 Ethyl acetate/hexane (1:1) 300 60 30 
2 Ethyl acetate/hexane (1:1) 300 60 30 
3 Ethyl acetate/hexane (1:1) 300 60 30 
4 Ethyl acetate/methanol (1:1) 300 60 30 
5 Ethyl acetate/methanol (1:1) 300 60 30 
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Prepared Samples and Extraction 
	   Three different soaking samples were prepared for bracelet extractions, as shown in 
Figure 10 – open vessel soaking, closed container soaking, and direct pipetting. For the open 
vessel soaking, bracelet pieces were placed into six 50 mL beakers. A volume of 20 mL of a 
1000 ppm standard (6 stock solutions) was pipetted into each beaker on top of the bracelet. The 
beakers were covered with watch glasses and allowed to soak for seven days. For the closed 
container soaking, bracelet pieces were similarly placed in different 50 mL glass jars. Again, a 
volume of 20 mL of 1000 ppm standards was pipetted into each jar. The glass jars were closed 
with lids and left to soak for seven days. The direct pipetting method only used DMP, because it 
is the only analyte that was liquid in its pure form. Three bracelet pieces were placed on different 
watch glasses. Volumes of 10 µL, 50 µL, and 100 µL of DMP were pipetted directly onto each 
bracelet piece. The samples were covered with watch glasses and left to soak for seven days.  
 After soaking, all the bracelet pieces were placed in clean 50 mL beakers in the oven at 
100 °C for one hour. The bracelet pieces were then taken out and allowed to cool. After cooling, 
20 mL of acetonitrile/methanol solvent was added to each beaker for extraction. The samples 
were stirred for one hour at 60 rotations per minute on a magnetic stir plate. Following the 
extractions, the wristband pieces were discarded and the solutions were quantitatively transferred 
to 25 mL volumetric flasks using the methanol/acetonitrile solvent and diluted to the line. One-
tenth dilutions of extractions were prepared.  
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Figure 10:  Three sample types for bracelet soaking: (A) Open vessel soaking, (B) Closed container 
soaking, (C) Direct pipetting of DMP. 
	  
UV-Vis Analysis 
 First, 1 ppm standards for each of the five analytes were prepared from the 1000 ppm 
stock solutions and diluted using the methanol/acetonitrile (1:1) solvent. The UV-Vis instrument 
was used to determine the maximum absorbance wavelengths (λmax) for each one of these 
standards. Low concentrations were used in order to obtain a scalable signal. These 
determinations were then applied to HPLC in selecting the monitoring wavelengths for the diode 
array detector. The maximum absorbance wavelengths are presented in Table 2. All of the 
analytes were found to have λmax in the UV region of the electromagnetic spectrum. The 
absorbance spectra of all five OGSR are presented in Figure 11. 
Table 2: HPLC Diode Array Detector Wavelengths 
Compound Wavelengths (nm) 
DMP 230 
DPA 280 
2-NDPA 260 
4-NDPA 395 
EC 250 
 
A B C 
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Figure 11: UV-Vis absorbance spectra of DMP, DPA, 2-NDPA, 4-DNPA, and EC. 
 
HPLC Analysis 
	  
 Numerous methods for HPLC separation, including different column types, mobile phase 
composition, and temperature, were tested with the analytes. The process of choosing the most 
suitable method is further detailed in the Development of Methodology section. The final HPLC 
method used to analyze all the standards and extractions is summarized in Table 3.20  
Table 3: HPLC Parameters 
Column Type Poroshell 120 EC-C18 
4.5 x 150 mm, 4 micron 
Flow rate (mL/min) 1.5 
Mobile phase Water/acetonitrile (52/48) 
Injection Volume (µL) 5 
Maximum Pressure (bar) 600 
Stop Time (minutes) 11 
Temperature (℃ ) 45 
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Bomb Calorimeter Analysis   
  Separate pellets of 1.0 g of 2-NDPA, DPA, and EC were prepared using a pellet press 
and then placed inside the bomb calorimeter (Parr 101A). Since DMP is a liquid, it could not be 
pressed into a pellet. In addition, 4-NDPA would not stay in a pressed pellet form. An ignition 
wire was attached so that it was in contact with the pellet and the leads from the power source in 
order to cause combustion, as shown in Figure 12. The bomb was pressurized with 15 atm 
oxygen. After the bomb was returned in the calorimeter bucket, it was ignited with electrical 
current to initiate the combustion reaction. The bomb was then left to cool in a water bath. 
Following the cooling step, the pressure valve was opened in order to release any residual NOx, 
CO2, and H2O vapor. Every sample was washed out of the bomb with methanol and then filtered 
into a small vial for further analysis. In addition to pure samples, the combustion procedure was 
carried out for DPA put in the bomb together with a silicone wristband piece. The inside of the 
bomb as well as the bracelet were washed with methanol. All the samples obtained from the 
bomb were analyzed on GC-MS, and HPLC. One relatively successful GC-MS method used to 
analyze the samples is shown in Table 4. The HPLC method summarized in Table 3 was used to 
analyze the samples.  
 
 
 
 
 
 
 
 
 
 
Figure 12: Attaching an ignition wire to the bomb. 
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Table 4: GC-MS Method Used for Analysis of the Bomb Calorimeter Samples 
Oven Temperature 40 °C for 4.5 minutes 
Temperature Increase 25 °C/minute to 280 °C  
Injection Port Temperature 250 °C 
Results and Discussion 
Development of Methodology 
 From the beginning of this research, the main objective was to develop a method for 
identifying and separating the five chosen OGSR compounds. First, various methods were tested 
on GC-MS in attempt to simply identify these compounds. However, it was found that even 
relatively high concentrations of the standards (~10 ppm) were difficult to detect. The 
chromatograms displayed background noise and unclear peaks that were inconsistent between 
injections. When extraction samples were analyzed by GC-MS, almost always, no peaks were 
detected. Due to the lack of success with peak identification on pure standards, mix separation 
was not even attempted. GC-MS may not be suitable for the high boiling compounds, which is 
quite pertinent to this research.  
 Before moving on to examining more GC-MS methods, HPLC was tested to see whether 
it could be a more suitable instrument for this study. Peak identification was quite easy, even at 
low concentrations of 1 ppm; therefore, it was decided that this instrument was a more suitable 
alternative to GC-MS. The main challenge was to develop a method that could achieve an 
appropriate separation for all of the OGSR. Various parameters were tested, such as flow rates, 
injection volumes, column temperatures, and solvent compositions. A list of all different 
parameters employed in this research is included in Appendix A. 
 The two main parameters that determined the best HPLC method were changing the 
column type and increasing the column temperature. The first column used was Poroshell 120 
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Bonus-RP, which has amine groups attached to its stationary phase. Many of the studied OGSR 
compounds contain amine groups; therefore, the amines on the Bonus-RP column resulted in 
poor separation. A Poroshell 120 EC-C18 proved to be a much better alternative as the peaks 
came out narrower and better resolved. However, with the column at room temperature, only 
four peaks were visible, when five compounds were injected. Only once the temperature was 
increased to 45 °C, all five peaks were detected. In addition, the migration rate of the analytes 
became faster resulting in shorter run times.   
HPLC Figures of Merit 
 In order to evaluate the performance of the developed HPLC method, figures of merit 
(FOM) including the limit of detection (LOD), retention factor, resolution, selectivity, theoretical 
plate number, and plate height were calculated. The FOM are presented in Tables 4 and 5. The 
chromatogram collected at 250 nm (Figure 13) was used to calculate all of the FOM, except for 
the LOD, where the best wavelengths for each compound were chosen (see Table 2). This 
wavelength was chosen because, overall, all five analytes collectively displayed the best signal at 
250 nm. 
 
Figure 13: Sample chromatogram at 250 nm. Left to right: DMP, 4-NDPA, DPA, EC, 2-NDPA. 
 
 The LOD was calculated using Equation 1, where Cs is the analyte’s concentration, hs is 
the peak height of the analyte, and hn is the largest deviation of the noise signal measured over 
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the span of 10 peak widths from the retention time of the analyte, as shown in Figure 14.24 The 
chromatogram in Figure 14 was obtained from 1 ppm DPA at 280 nm. Here, the height at the 
peak absorbance of DPA is shown by the vertical arrow going up and down (hs), while the 
largest noise deviation (hn) is the difference in height between the two dotted red lines. The 
dotted lines are drawn to accommodate the largest noise fluctuation over the span of 10 peak 
widths of DMP. The LOD was calculated for the rest of the four analytes in the same fashion, at 
their respective λmax and summarized in Table 5. The LODs ranged between 0.0598 ppm and 
0.278 ppm. In terms of mass, the absolute LODs were between 0.299 ng and 1.39 ng per 
injection. These results are comparable to the LODs found in other OGSR analyzed by HPLC 
studies. For example, Lopez-Lopez et al reported absolute LODs of 0.5, 4.5, and 5 ng for DPA, 
2-NDPA, and 4-NDPA, respectively.20  
 
Figure 14: Chromatogram of 1 ppm DPA at 280 nm for LOD determination. 
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 Retention factor (k) is an FOM that is used to compare the migration rates of analytes 
through the column. The preferable range for k should be in the range from 1 to 10. A retention 
factor smaller than 1 risks poor resolution between two analytes, while k bigger than 10 signifies 
lengthy run times. Retention factors were calculated for all peaks in Figure 13, using Equation 2, 
where tr is the retention time of the analyte and t0 is the hold-up time.24 The hold-up time is the 
time it takes for the mobile phase to reach the detector.24, 26, 29 In Figure 13, t0 is the first “peak,” 
or rather fluctuation in absorbance, seen at 0.943 minutes. All retention factors for the studied 
analytes were found to be in the acceptable range between 1 and 10. These values, along with the 
retention times are summarized in Table 5. 
 𝑘 =    𝑡! − 𝑡!𝑡!  Equation 2 
 The column’s efficiency can be assessed by evaluating analyte resolution (Rs).  
Resolution values result from combining two chromatographic descriptors: selectivity and the 
degree of band broadening.24 Achieving suitable resolution of peaks is one of the most important 
objectives in developing a robust HPLC method. Typically, an Rs value of 1.5 or above is 
considered sufficient for baseline resolution of peaks. Resolution values for adjacent peaks from 
Figure 13 were calculated using Equation 3 where tr is the analyte retention time and w is the 
width of the analyte peak (at baseline).24, 26 The top half of the equation represents selectivity, 
while the bottom half denotes the degree of band broadening. All analytes achieved resolution 
above 1.5, indicating satisfactory efficiency of the column and sufficient separation. The 
resolution values for adjacent peaks are summarized in Table 6. 
 𝑅! = 2   𝑡!! − 𝑡!!𝑤! − 𝑤!  Equation 3 
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 Selectivity, α, signifies the column’s ability to discriminate between two different 
analytes and it is dependent on the chemistry between the analyte and the column’s stationary 
phase. If the number of theoretical plates is known, it can be found what selectivity is necessary 
to get a resolution above 1.5. Selectivity is the ratio of two retention factors and can be 
calculated using Equation 4.24, 26 Since it is mostly dependent on the difference in the interaction 
of the analytes with the stationary phase, replacing the type of stationary phase is necessary to 
improve selectivity.24 Selectivity values are always greater than 1; if α=1, then two adjacent 
analytes elute at the same time. The greater the α values, the further apart are the peaks of two 
different analytes. The α values summarized in Table 6 show that all of the studied analytes were 
adequately separated.  
 𝛼 = 𝑘!𝑘! Equation 4 
 
 Column efficiency can be described as the degree of band broadening, which is explained 
by the plate theory. It assumes that the column is divided into a number of hypothetical plates.24 
The analyte spends a finite amount of time within each plate, which is enough to achieve 
equilibrium between the mobile and the stationary phases. Each theoretical plate has a fixed 
height; therefore, smaller plate height results in a larger number of plates, and better efficiency. 
The number of theoretical plates (N) and the plate height (H) can be calculated using Equations 5 
and 6, where L is the length of the column, tr is the analyte retention time and w is the peak base 
width. Ideally, all analytes should have the same number of theoretical plates, as efficiency is the 
property of the column.24 The average N and H were found to be 17,155 and 8.74 µm, 
respectively.	   Typically, column efficiency is around 10,000 plates and plate height ranges 
depending on the column type. Since the obtained theoretical plate number is above average and 
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the calculated resolution values were above 1.5, the column efficiency can be considered 
satisfactory.  
 𝑁 = (16 𝑡!𝑤)! Equation 5 
 𝐻 = 𝐿𝑁 Equation 6 
 
Table 5: LODs, Retention times, and Retention factors 
Compound LOD (ppm) Absolute LOD (ng) 
Retention Time 
(min) 
Retention Factor, 
k 
DMP 0.278  1.39 2.07 1.20 
DPA 0.0764  0.382 6.79 4.58 
2-NDPA 0.171  0.855 8.98 6.20 
4-NDPA 0.0598  0.299 5.26 7.47 
EC 0.255  1.28 7.99 8.52 
 
Table 6: Resolution and Selectivity Values 
Compounds Resolution (Rs) Selectivity (α) 
DMP & 4-NDPA 44.7 3.82 
4-NDPA & DPA 14.7 1.35 
DPA & EC 9.619 1.28 
EC & 2-NDPA 6.944 1.14 
 
HPLC Extractions of OGSR 
 Prior to analyzing the extraction samples, standards of different concentrations were used 
to make calibration curves. The calibration curve for each analyte was made at its λmax. The 
calibration data used to calculate the final adsorption results is presented in Table 7. In this table, 
peak area was measured three times for each analyte at three different concentrations. The 
average, along with the standard deviation and % RSD (Relative Standard Deviation) was 
calculated for each peak area. As seen from this table, all of the %RSD values are under 1% 
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demonstrating little fluctuation in the area values between runs. The average peak area was 
plotted against concentration for each analyte, resulting in five calibration curves, shown in 
Figure 15. As seen in Figure 15, the relationship between peak area and concentration resulted 
in R2 values above 0.98, indicating sufficient linearity.  
Table 7: Sample OGSR Calibration Data 
Concentration (ppm) A1 A2 A3 Average A Std. Dev %RSD 
DMP (230 nm) 
10.0 135.8 137.5 135.9 136.4 0.9512 0.6974 
50.0 742.6 743.2 743.1 742.9 0.3202 0.0431 
100. 1258.7 1255.4 1260.0 1258.1 2.3847 0.1896 
DPA (280 nm) 
10.0 271.6 275.7 273.0 273.4 2.0676 0.7562 
50.0 1528.4 1531.0 1531.6 1530.4 1.6983 0.1110 
100. 2607.9 2602.1 2611.7 2607.2 4.8042 0.1843 
2-NDPA (260 nm) 
10.0 167.6 169.8 167.3 168.2 1.3538 0.8046 
50.0 916.2 916.8 916.7 916.6 0.3397 0.0371 
100. 1555.4 1551.7 1557.1 1554.7 2.7671 0.1780 
4-NDPA (395 nm) 
10.0 242.4 245.3 242.8 243.5 1.6072 0.6600 
50.0 1327.0 1328.2 1327.8 1327.7 0.6255 0.0471 
100. 2251.1 2246.6 2255.0 2250.9 4.2127 0.1872 
EC (250 nm) 
10.0 86.5 87.6 86.3 86.8 0.6859 0.7902 
50.0 471.6 471.9 472.0 471.8 0.1647 0.0349 
100. 800.8 798.9 801.8 800.5 1.4625 0.1827 
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Figure 15: Calibration Curves of OGSR. 
 
 Table 8 contains HPLC data for the open vessel extraction (individual and mix); 
specifically, the average peak area from three runs along with the standard deviation and %RSD. 
Similarly to the standards, the %RSD stays under 1% for all of the peak areas. The average peak 
area values for each analyte were used to find the adsorbed concentration in ppm. Table 9 
contains the process of determining percent analyte adsorbed using the calculated concentrations 
from the calibration curves. Mass adsorbed was calculated using Equation 7, where Aavg is the 
average peak area of the analyte, and b and m are the y-intercept and slope of the appropriate 
calibration equation. Since the resulting value is in ppm (mg/L), it has to be multiplied by the 
volume used (0.025L) in order to obtain a mass in mg. Finally, this value has to be multiplied by 
the dilution factor of 10.   
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 𝑚𝑎𝑠𝑠  𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝐴!"# − 𝑏𝑚 ∗ 0.025𝐿   ∗ 10 Equation 7 
 
 Standard concentration refers to the original concentration of the analyte used in the open 
vessel soaking. This concentration is then converted to soaking mass by multiplying the 
concentration by the volume used to soak the wristbands in (0.020 L). Percent analyte adsorbed 
is then simply the ratio between the soaking mass and the mass adsorbed, as shown in Equation 
8. For easier visualization and comparison between the individual and mix extractions, the 
percent analyte adsorbed values are displayed in Table 10. 
 %  𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =   𝑚𝑎𝑠𝑠  𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑𝑠𝑜𝑎𝑘𝑖𝑛𝑔  𝑚𝑎𝑠𝑠 ∗ 100% Equation 8 
 
Table 8: HPLC Data for Open Vessel Extractions 
 
A1 A2 A3 Average A St. Dev. %RSD 
Individual Extractions 
DMP (230 nm) 188.78 189.29 189.89 189.32 0.55 0.29 
DPA (280 nm) 549.98 551.13 550.32 550.48 0.59 0.11 
2-NDPA (260 nm) 291.75 292.45 293.23 292.48 0.74 0.25 
4-NDPA (395 nm) 73.34 73.95 73.28 73.53 0.37 0.50 
EC (250 nm) 24.28 24.36 24.38 24.34 0.05 0.22 
Mix Extractions 
DMP (230 nm) 44.01 43.95 44.21 44.06 0.13 0.30 
DPA (280 nm) 365.07 364.26 366.30 365.21 1.03 0.28 
2-NDPA (260 nm) 273.03 272.60 274.75 273.46 1.14 0.42 
4-NDPA (395 nm) 288.23 287.74 289.52 288.50 0.92 0.32 
EC (250 nm) 83.37 83.47 83.71 83.52 0.18 0.21 
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Table 9: Percent Adsorbed Calculation Data 
 
Mass 
adsorbed 
(mg) 
Standard mass 
(mg) 
Standard 
Concentration 
(ppm) 
Soaking  
mass (mg) 
Percent 
Adsorbed S.D 
Individual Extractions 
DMP 2.764 94.1 941 18.82 14.69 0.04 
DPA 4.403 98.2 982 19.64 22.42 0.02 
2-NDPA 3.734 94.2 942 18.84 19.82 0.05 
4-NDPA nd* 99.4 994 19.88 nd nd 
EC nd 99.9 999 19.98 nd nd 
Mix Extractions 
DMP nd 105.5 1055 21.10 nd nd 
DPA 2.604 98.4 984 19.68 13.23 0.04 
2-NDPA 3.423 101.6 1016 20.32 16.85 0.07 
4-NDPA 2.209 100 1000 20.00 11.04 0.04 
EC 1.602 100 1000 20.00 8.01 0.02 
*not detected above LOD 
 
Table 10: Percent Analyte Adsorbed in Open Vessel Extractions 
Compound % Individual analyte 
adsorbed 
% Analyte adsorbed in mix 
DMP 14.69 ± 0.04 nd 
DPA 22.42 ± 0.02 13.23 ± 0.04 
2-NDPA 19.82 ± 0.05 16.85 ± 0.07 
4-NDPA nd 11.04 ± 0.04 
EC nd 8.01 ± 0.02 
  
 A possible explanation for why some of the analytes were not detected in the wristbands 
is because the standards were diluted in order to fit the calibration curves. When comparing 
individual DPA and 2-NDPA concentrations to those from the mix, it is clear that the analytes 
adsorbed better individually. Nevertheless, all but one analyte were detected above the LOD 
from the mix extractions, whereas only three were detected from the individual extractions. 
These results mean that the presence of some compounds could potentially aid the adsorption of 
others.  
	  
	  
34	  
 During an actual firing of a gun, various compounds would be adsorbed to the wristbands 
simultaneously. The fact that more compounds were detected from the mix of analytes rather 
than from individual extractions is a supporting result. Nevertheless, multiple factors, such as the 
type of gunpowder, the distance from the firing to the wristband, and even environmental 
conditions could affect analyte adsorption. The “soaking” methods may not be the best approach 
to test how well the wristbands would adsorb OGSR from a real shooting. However, these tests 
are simply the preliminary measure to show that silicone wristbands are capable of adsorbing 
OGSR. Moreover, the bigger purpose of this study was to develop a robust HPLC method for the 
separation and identification of the key OGSR, before moving on to examining real shooting 
conditions.   
 The same process for calculating percent analyte adsorbed was carried out for the other 
types of soaking. Three different soaking methods used were: open vessel soaking, closed 
container soaking, and direct pipetting.  Since DMP is the only compound in this study that 
exists in a liquid state, it was the only analyte that had undergone all three soaking methods, 
which were compared to determine the best one. DMP was not detected from the closed 
container soaking above the LOD. In fact, most of the OGSR from the closed containers was not 
detected above LOD. Figure 16 compares percent of DMP adsorbed to the wristband in an open 
vessel versus the direct pipetting. According to Figure 16, the open vessel soaking resulted in a 
much higher adsorption (14.7%) than direct pipetting (2.96%). In fact, percent of DMP adsorbed 
to the bracelet decreased as the volume pipetted increased. The percent of DMP adsorbed 
presented in Figure 16 resulted from a 10 µL.  
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Figure 16: % DMP adsorbed from an open vessel soaking vs. direct pipetting. 
Bomb Calorimeter Results 
 The collected bomb calorimeter samples of DPA, 2-NDPA, and EC were analyzed on 
GC-MS, as well as HPLC. The results obtained through GC-MS varied between runs, oftentimes 
not resulting in any identifiable peaks at all. However, these three OGSR were detected using the 
developed HPLC method described in Table 3. Figures 17-19 contain the HPLC chromatograms 
obtained from the individual bomb calorimeter samples. Each peak eluted at the same time as 
their respective standards. The fact that these peaks had such strong signals indicates they did not 
fully combust in the bomb calorimeter. DPA especially had a signal above 2000 mAU, making it 
a great target compound to study when analyzing OGSR. EC had a signal of 100 mAU, which is 
also relatively high, meaning that it is a suitable candidate to study. 2-NDPA had a much lower 
signal than the other compounds (~8 mAU); making it a weaker target OGSR. The peak around 
6.6 minutes on the 2-NDPA and EC chromatograms could be the result of DPA contamination 
during the pellet-making process, or a DPA derivative resulting from the combustion. It is yet 
unclear where the other peaks originate, including the recurring peak around 5.9 minutes in each 
chromatogram. However, it can be hypothesized that those peaks are the result of contamination 
or derivatives of the OGSR produced during combustion. The sample containing a wristband 
piece and DPA also produced a strong signal on HPLC. However, the wristband itself hardened 
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and lost its adsorbing properties, as shown in Figure 20. Therefore, DPA was not extracted, but 
simply washed out of the bomb and bracelet piece with methanol.  
	  
Figure 17: Chromatogram of DPA sample obtained from the bomb calorimeter. 
 
 
Figure 18: Chromatogram of 2-NDPA sample obtained from the bomb calorimeter.  
 
 
Figure 19: Chromatogram of EC sample obtained from the bomb calorimeter.  
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Figure 20: Hardened wristband piece after combustion in the bomb calorimeter. 
Summary and Conclusions 
 The main objective of this study was to develop a robust chromatographic procedure for 
detection and separation of five compounds that are typically targeted when analyzing OGSR: 
DMP, DPA, 2-NDPA, 4-NDPA, and EC. Additional aims of this research included a creation of 
a cleaning procedure for silicone wristbands and an assessment of their ability to adsorb OGSR 
in laboratory settings. Finally, the combustibility and general behavior of OGSR were tested 
using a bomb calorimeter, which was meant to simulate a gun firing.  
	   It was found that HPLC is a more suitable instrument than GC-MS for the purposes of 
this study. The results obtained from GC-MS varied among runs even when the same method 
was employed. In addition, the chromatograms obtained from GC often included a lot of noise 
and unidentifiable peaks. Unfortunately, the GC-MS study did not move past the detection and 
identification of OGSR. For these reasons, the focus of this research shifted to a development of 
a suitable HPLC method. Unlike GC-MS, HPLC provided clear chromatograms with little noise 
and high resolution. After experimenting with various parameters ranging from column type to 
temperature settings, a suitable HPLC procedure for identification and separation of the five 
target OGSR compounds was developed. Calculated figures of merit including limit of detection, 
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retention factor, resolution, selectivity, theoretical plate number, and plate height demonstrated 
sufficient performance of the developed HPLC method.       
 After developing a successful HPLC method, the subsequent part of this research was 
dedicated to evaluating the ability of silicone wristbands to adsorb the chosen compounds. 
Wristbands were only exposed to the OGSR in laboratory settings, since the idea of passive 
sampling from bracelets for forensic analysis is new. Silicone wristbands were soaked in 
prepared OGSR solutions of known concentrations for seven days, followed by extraction of the 
adsorbed analytes. Although, three different soaking types were employed (open container, 
closed container, and direct pipetting), the data analysis was mostly concentrated on the open 
container data, since it provided the best results (highest percent analyte adsorbed). It was 
determined that analytes adsorb to wristbands better individually, rather than when they are 
present as a mix of all five. However, four out of five analytes were detected from the “mix” 
extraction (DPA, 2-NDPA, 4-NDPA, and EC), while only three were detected from the 
individual extractions (DMP, DPA, 2-NDPA).  
 Finally, three of the five compounds (DPA, 2-NDPA, EC) were tested on a bomb 
calorimeter to test their combustibility and predict how they would behave in a real forensic 
situation. All of these compounds were identified on HPLC, indicating they did not fully 
combust. EC and DPA specifically produced very high signals signifying the likelihood of 
detecting them in real-life OGSR.          
 Although it is certainly anticipated that this research would move to real-life exposure of 
silicone wristbands to gun-firings, it was important to obtain preliminary data in laboratory 
settings first. This study confirmed that silicone wristbands can potentially be used as PSDs; 
however, more data is needed to test the extent of this capability. In addition, more extraction 
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techniques need to be studied in order to demonstrate the most accurate representation of how 
much analyte was adsorbed. Furthermore, the developed HPLC technique can be expanded to a 
wider variety of compounds that are indicative of OGSR. The results obtained in this research 
are expected to aid further studies regarding the use of silicone wristbands as PSDs, as well as 
demonstrate a suitable HPLC method for identifying and separating compounds found in OGSR.  
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Appendix A: Tested HPLC Parameters 
	  
Column Type Flow rate 
(mL/min) 
Solvents 
 
Solvent 
ratio 
Injection 
Volume 
(µL) 
Temperature 
(°C) 
DAD 
Wavelengths 
(nm)  
Poroshell 120 Bonus-RP 
4.6 x 150 mm, 2.7 micron 
 
1 Water/methanol 75/25 1 N/A 234, 204,280 
1 Water/methanol 85/15 5 N/A 260, 280 
1.5 Water/acetonitrile 52/48 5 N/A 230 
1.5 Water/acetonitrile 52/48 5 N/A 230, 260, 280 
1.5 Water/acetonitrile 52/48 5 N/A 230, 250, 260, 
280, 395 
Poroshell 120 EC-C18 
4.6 x 150 mm, 4 micron 
 
1.5 Water/acetonitrile 52/48 5 N/A 
 
230, 250, 260, 
280, 395 
1.5 Water/acetonitrile 52/48 5 45 230, 250, 260, 
280, 395 
	  
